Wheat productivity is severely reduced by high temperatures. Breeding of heat tolerant 26 cultivars can be achieved by identifying genes controlling physiological and agronomical traits 27 with high temperature and using these to select superior genotypes, but no gene underlying 28 genetic variation for heat tolerance has previously been described. We completed the positional 29 cloning of qYDH.3BL, a quantitative trait locus (QTL) on bread wheat chromosome 3B 30 associated with increased yield in hot and dry climates. The delimited genomic region 31 contained 12 putative genes and a sequence variant in the promoter region of one geneseven 32 in absentia, TaSINA. This was associated with the QTL's effects on early vigour, plant biomass 33 and yield components in two distinct wheat populations grown under various growth 34 conditions. Near isogenic lines carrying the positive allele at qYDH.3BL under-expressed 35 TaSINA and had increased vigour and water use efficiency early in development, as well as 36 increased biomass, grain number and grain weight following heat stress. A survey of worldwide 37 distribution indicated that the positive allele became widespread from the 1950s through the 38 CIMMYT wheat breeding programme but, to date, has been selected only in breeding 39 programmes in Mexico and Australia. 40 41 42 43
change. We narrowed a genetic locus to a small genomic region where genetic variation was 48 present only in one gene that showed clear differences of expression and improved yield and physiology under stress in the populations. Using diagnostic markers to track the positive 50 ADW594 and ADW577 which contained 12 annotated genes in the Chinese Spring reference 150 sequence ( Table 2) . We also performed a local assembly of the RAC875 genomic sequence 151 where no additional or missing annotated genes were detected in the interval compared to the 152 Chinese Spring reference sequence ( Supplementary Fig. 1) . 153 As no further recombinants were found in our RIL collections, we developed near-isogenic 154 lines (NIL) from heterozygous inbred families with recombination breakpoints spanning the 155 QTL interval using RAC875 x Kukri RILs with residual heterozygosity between AWG43_1 156 and AWG38 (Fig. 1d ). Following crossing, these families segregate for the locus in contrasting 157 pairs but are otherwise near isogenic. In 2017, the lines were phenotyped under combined 158 drought and heat treatment in the deep soil-mimic platform for yield components and main 159 tiller sap flow, a proxy for plant transpiration 35 . To avoid the confounding effects of phenology, 160 we selected NIL2, 3 and 4 with similar flowering time as the RILs previously studied. In NIL2 161 family, the lines carrying the RAC875 allele had increased spike and stem biomass, increased 162 grain weight per plant and increased average number of spikelets per spike compared to those 163 carrying the Kukri allele. In NIL3 family, the lines carrying RAC875 allele had increased single 164 grain weight compared to those carrying the Kukri allele. In NIL4 family, the lines carrying 165 the RAC875 allele had increased spike and stem biomass, grain number, average number of 166 spikelets per spike and spike number compared to those carrying the Kukri allele (Table 3) . 167 Mass sap flow was, on average, significantly lower in all NILs carrying the RAC875 allele 168 compared to those carrying the Kukri allele at the QTL over the period (Fig. 3) . The regression 169 of normalized sap flow mass against mean daily temperatures was significant (P= <0.05) in all 170 lines even though the proportion of the variance explained was low (adj. R 2 = 0.11-0.33).
171
Whilst the difference was not significant early on during temperate days (average temperature 172 20.5°C, Fig. 3a ) or later in development (grain filling) during several cool days (average 173 temperature 17.5°C, Fig. 3b ), there was a significant difference in sap flow between RAC875-174 carrying the Kukri allele as the RAC875-allele lines failed to increase sap flow in response to 177 increasing temperature in comparison with the alternative allele. 178 To understand whether variation in water use was related to the observed increase in early 179 vigour for the RAC875 allele at qYDH.3BL, we grew the NIL3 and 4 allele pair plants on an 180 automated, gravimetric watering system with real-time imaging of early vegetative growth and 181 measurement of water used per plant in unstressed conditions. Early vigour was increased in 182 NIL4 lines carrying the RAC875 allele ( Fig. 4) (Table 3) , but the effect was not significant in NIL3. In unstressed conditions, NIL4 with 185 the RAC875 allele also had increased water use compared with the Kukri allele in complete 186 contrast with its reduced sap flow during heat stress. The water use index (kpixel/ ml H2O) of 187 NIL4 was increased in plants carrying the RAC875 compared with the Kukri allele, showing 188 that this line's early increase in biomass did not demand increased water use in unstressed 189 conditions, i.e. that the RAC875 allele at the locus conferred both increased early vigour and 190 increased water use efficiency in unstressed conditions. 191 We then analysed the sequence of the 12 gene models present in the QTL interval delineated 192 by ADW594 and ADW577 markers using whole genome sequencing datasets of RAC875, 193 Kukri, Gladius and Drysdale. Using shotgun sequencing data of the four parental lines, no non-194 synonymous variation was identified in the protein sequences encoded by the 12 genes at the 195 locus when the RAC875-Drysdale vs Kukri-Gladius translated sequences were compared.
196
Therefore, functional variation was most likely to lie at the gene expression level. We next 197 studied the expression profile of these gene models in the four NIL pairs that contrasted for 198 yield components in deep soil. We did not find any evidence of gene expression for the four low confidence gene models, either in the wheat-expression database 36 (http://www.wheat-200 expression.com) or in our in-house database 37 that displays RNA-seq expression data in five 201 tissues at three developmental stages 38 (Table 2) . We concluded that these sequences were 202 likely pseudogenes. As expected, we found evidence of gene expression for the eight genes 203 annotated as high confidence (Table 2) . 204 We measured the expression of these eight genes in the four NIL pairs, expecting a difference 205 in expression between the RAC875 and Kukri alleles for the gene(s) responsible for qYDH.3BL 206 effect. As the QTL was associated with early vigour, when no treatment had been applied, we 207 studied gene expression in seedlings grown in unstressed conditions. The expression profiles 208 of genes I, II, IV, V, VI, VIII and XII in RAC875 and the NILs carrying the RAC875 allele 209 were not significantly different from Kukri and the lines carrying the Kukri allele 210 ( Supplementary Fig. 5a -g). Gene X (TaSINA 3B) was the only gene with a differential 211 expression pattern both between the parental lines and among the NILs (Fig. 5a ). The gene was 212 consistently highly expressed and statistically different in the lines containing the Kukri-
213
Gladius allele compared to the lines containing the RAC875-Drysdale allele, in both shoot and 214 root tissues of seedlings, except for NIL2 in shoot tissue ( Fig. 5a and 5e ). By contrast, gene X 215 homeologs on chromosomes 3A and 3D had the same expression profile in the two parental 216 lines and the NILs independently of the allele that they contained and the tissue analyzed ( Fig.   217 5b and 5d). 218 We also analyzed the expression profile of gene X in cDNA of RAC875 and Kukri grown in 219 well-watered conditions and cyclic drought 39 . Gene X was significantly over-expressed in 220 Kukri compared to RAC875 in both well-watered and drought treatments ( Fig. 5c ). Based on 221 homology with rice and Brachypodium, gene X is homologous to a seven in absentia (SINA) 222 gene encoding an E3 ubiquitin ligase protein, hereafter called TaSINA. 223 The translated Sanger sequencing of the TaSINA gene revealed two amino acid substitutions 224 between the RAC875 and Kukri protein sequences that were not predicted to affect the protein 225 function. We also found sequence polymorphisms in the promoter region with the predicted 226 cis-acting elements CANBNNAPA and HDZIP2ATATHB2 present in Kukri and absent in 227 RAC875 (Fig. 5g ). In RAC875 and Drysdale promoter sequences, the insertion of a CCAC 228 domain 713 bp upstream of the start codon created a SBOXATRBCS (CACCTCCA) motif 229 and a -10PEHVPSBD (TATTCT) motif which were absent in the Kukri and Gladius promoter 230 sequences (Fig. 5g ). The sequences of TaSINA homeologs on chromosomes 3A and 3D were 231 monomorphic between RAC875 and Kukri. The alignment of the TaSINA predicted protein 232 sequence and its homeologs revealed an amino acid change in the protein sequence of the 3A 233 copy ( Fig. 5f ). A SNP in the coding sequence of the 3A copy introduced the substitution of an 234 alanine to a valine at the 227 amino acid position that was predicted to be deleterious for the 235 protein function (Fig. 5e ). This suggested that the 3A protein might be non-functional in both 236 RAC875 and Kukri, although we did find evidence of gene expression in the roots. 237 We studied the worldwide allelic distribution of TaSINA alleles using the two closest SNP 238 markers (ADW594 and ADW595). Alleles were homogeneously distributed among the lines, 239 with 53 % of the accessions carrying the same allele as RAC875 ( Fig. 6 ). We looked at the 240 origins and years of release of the accessions in each allelic group to identify a potential pattern 241 of selection (Supplementary Table 1 ). The RAC875 allele was over-represented in accessions Table 1 ). The RAC875 allele appeared later in the panel's chronology, with most of the lines released after 1950, and seemed to follow the migration of germplasm released 249 by CIMMYT during the green revolution of the 1960s. with water uptake, preventing water loss from soil evapotranspiration to the profit of 258 transpiration 40 . We hypothesize that this increased early growth in plants carrying the RAC875 259 allele had no significant effect under optimal conditions, as observed in southern Australian 260 field trials in 2009 29 , but was beneficial to the plant when temperatures increased.
261
As qYDH.3BL had been previously associated with differences in canopy temperature 11 , a 262 surrogate for plant evaporative cooling, we used sap flow sensors to evaluate the transpiration 263 rates of whole plants 35 . We observed that sap flow responded to daily temperature variations, 
272
By fine mapping the QTL and by expression analysis of eight genes in the QTL interval, we 273 found that only the TaSINA gene showed consistent variation between lines carrying 274 contrasting alleles at the QTL. Beyond those identified in the reference assembly, no other gene 275 was present in the interval when we locally assembled RAC875 genomic sequence. Therefore,
276
TaSINA is a strong candidate for the QTL effect.
277
SINA genes encode for an E3 ubiquitin ligase protein that forms a complex with the E1 reduced in Kukri only after prolonged cyclic drought (25d) (Fig. 3b ). This suggests that TaSINA expression is relatively insensitive to stress and that heat tolerance in wheat is more likely 297 conferred by increases in growth and water use when TaSINA expression is reduced.
298
The promoter sequence of RAC875 TaSINA contained a cis-acting element, SBOXATRCS 299 (CACCTCCA) also called S box, absent in the promoter of Kukri TaSINA (Fig. 5 ). This motif Table 2) and based on their recombination point in the QTL interval.
331
Four near isogenic families derived from QTL-specific residual heterozygous lines from 332 RAC875 x Kukri RIL were developed to further study the mechanism underlying qYDH.3BL. used to test the specificity of chromosome-specific primers. The method used to obtain nulli-341 tetrasomic lines was previously described 53 .
342
A diversity panel combining 743 landraces and modern varieties of hexaploid wheat was used 343 to identify the distribution of alleles at qYDH.3BL. 544 accessions were spring wheat types originating from world-wide locations with more than one quarter from Australia. We also 345 used the INRA core collection which contains 372 worldwide accessions of winter wheat 346 mostly from Europe 54 . Pedigree, year of release and geographical origin of the lines were 347 retrieved from the wheat pedigree portal, www.wheatpedigree.net, and personal 348 communications (Peter Langridge, Margaret Pallotta).
349
Genotyping and genetic map construction 350 DNA was extracted as described previously 55 . Gene-based markers were designed using the 
358
As regions with a high density of reads are more likely to be repetitive elements, SNPs with a 359 coverage higher than 50 reads were discarded. Table 3 ).
369
were conducted under dry and hot conditions: 30 RAC875 x Kukri RILs were sown on the 10 th 393 of July, and 44 Drysdale x Gladius RILs were sown on the 18 th of August.
394
In 2017, the NILs were grown in a single plant plot design with 15 replicates each for the 395 parental lines RAC875 and Kukri and 54 replicates of each pair of NIL. The design was 396 developed using the function "prDiGGer" in the DiGGer package in R for partially replicated 397 designs ( Supplementary Fig. 6 ). Replicates were distributed within the bins so that the same 398 genotype was not present twice in the same row or column. In 2017, the plants were sown on 399 31 st of July, watering was maintained until late booting in the beginning of October and then 400 stopped.
401
Phenotypic evaluation in the deep soil-mimic system 402 Plant developmental stages were scored using the Zadoks' scale around anthesis 61 . Early vigour 403 was scored using two methods. In 2014, during the first month after planting, photographs were 404 taken for each bin every week and early vigour were scored using a 1 (less vigorous) to 5 (more three RGB camera views comprising two side views at 80° angles and one view from above.
462
Water use was computed using the smoothed values of watering amounts (mL) and water use 463 index for a given interval was the ratio in change between PSA and total water use in that 464 interval, with higher values corresponding to higher water use efficiency. 
